Abstract -The main issue of parallel three-phase boost converters is reduction of the low-and high frequency circulating currents. Most present technologies concentrate on low frequency circulating current because the circulating current controller cannot mitigate the high frequency circulating current. In this paper, analytical approach of three-phase coupled inductor applied to parallel system becomes an important objective to effectively reduce the low-and high frequency circulating currents. The characteristics of three-phase coupled inductor based on a structure and voltage equations are mathematically derived. The modified voltage equations are then applied to parallel three-phase boost converters to develop averaged models in stationary coordinates and rotating coordinates. Based on the averaged modeling approach, design of the circulating current controller is presented. Simulation and experimental results demonstrate the effectiveness of the analysis and modeling for the parallel threephase boost converters using three-phase coupled inductor.
Introduction
Parallel three-phase boost converters have many advantages, such as high power under a lower voltage or current ripple, easy modularity, fast-dynamic response, and high efficiency. Therefore, their utilization has dramatically increased in various applications including uninterruptible power supplies (UPS), motor drives, and power factor correction (PFC) equipment [1] [2] [3] .
However, one of the major concerns with parallel threephase boost converters is the reduction of the low-and high frequency circulating currents. A low frequency circulating current may be present in the case of small unbalances between two converters, such as different line inductances or different duty cycles. A high frequency circulating current occurs when the interleaved PWM is applied to the parallel three-phase boost converters.
A straightforward solution for the low-and high frequency circulating currents is to disrupt the circulating current path. This is easily achieved using a transformer or separate power supplies on the AC side [4] [5] . This solution results in an overall system which is heavy, bulky, and high-priced. To avoid these issues, several circulating current controllers which do not require installation of additional hardware have been proposed for the low frequency circulating current [6] [7] [8] . However, these controllers are unable to mitigate the high frequency circulating current due to its identical bandwidth to the switching frequency. In order to reduce the high frequency circulating current, installation of additional system hardware is unavoidable.
Recently, various methods using the winding-coupled inductor have been presented to achieve performance improving results [9] [10] [11] [12] . In order to effectively reduce low-and high frequency circulating current, this paper analyzes three-phase coupled inductor applied to parallel three-phase boost converters, as shown in Fig. 1 .
In Section 2, the characteristics of three-phase coupled inductor connected to three-phase AC source are mathe- Fig. 1 . Parallel three-phase boost converters including three-phase coupled inductor matically derived by a structure and voltage equations. Then, the modified voltage equation of three-phase coupled inductor is presented. Section 3 introduces averaged models, which can simultaneously reduce low-and high frequency circulating currents, in stationary coordinates and rotating coordinates. Based on the averaged modeling approach, section 4 presents design of circulating current controller for parallel three-phase boost converters using three-phase coupled inductor. Section 5 shows simulation and experimental results to demonstrate the effectiveness of the analysis and modeling approach. Section 6 summarizes the major contributions of this paper.
Analysis of the Three-Phase Coupled Inductor
This section analyzes the three-phase coupled inductor in parallel three-phase boost converters. The three-phase coupled inductor structure is used to examine how the three-phase coupled inductor mitigates the circulating current. Subsequently, voltage equations of the three-phase coupled inductor are examined to model parallel threephase boost converters including the three-phase coupled inductor.
2.1 Three-phase coupled inductor structure Fig. 2 shows a three-phase coupled inductor (i.e., the three-winding integrated magnetic device) structure with reference directions for the currents when three-phase currents i a , i b , and i c flow through winding N. In the threephase coupled inductor, the three total flux equations are 
where φ x is the total flux linking coil x in the three-phase coupled inductor, φ xx is the flux linking coil x produced by a current in coil x in the three-phase coupled inductor, φ yx is the flux linking coil y produced by a current in coil x in the three-phase coupled inductor, ρ xx is the permeance of the space occupied by the flux φ xx in the three-phase coupled inductor, and ρ yx is the permeance of the space occupied by the flux φ yx in the three-phase coupled inductor.
If the coupled inductor is in an ideal state, it is possible to assume the following: 
Eq. (6) indicates that the net magnetic flux in the core is nearly zero under balanced condition. However, under unbalanced conditions, the net magnetic flux in the core is non-zero. Specifically, if there is no circulating current, the system is not influenced by the three-phase coupled inductor.
Voltage equations for three-phase coupled inductor
The voltage equations for a three-phase coupled inductor are typically defined as
where L xx is the self-inductance produced by a current in coil x in the three-phase coupled inductor, and L yx is the mutual inductance produced by a current in coil x in the three-phase coupled inductor. Similar to (4) (5) , the self-inductance and mutual inductance can be respectively assumed to be
Therefore, the relationship between self-inductance and mutual inductance can be expressed as
where k c is the coupling coefficient in the three-phase coupled inductor.
In Fig. 1 , the circulating current i z is defined as Using (10-13), three-phase coupled inductor voltage Eqs. (7-9) can be rewritten as
(1 )
where L S (1 -k c ) and k c· L S are the leakage inductance to the line current and the mutual inductance to the circulating current, respectively. The modified voltage Eqs. (14-16) indicate that the leakage inductance and mutual inductance are dependent on the coupling coefficient of the three-phase coupled inductor. In other words, the mutual inductance to the circulating current is increased and leakage inductance to the line current is decreased if the coupling coefficient k c is increased.
Averaged Modeling
Generally, a traditional modeling approach for a threephase boost converter is to transform three-phase stationary coordinates into synchronous rotating coordinates. In this case, the zero-sequence component does not influence the input line currents or the output direct current (DC) voltages because there is no zero-sequence component.
However, the traditional modeling approach cannot be used for parallel three-phase boost converters because zero-sequence components do exist. Therefore, in order to model the zero-sequence components in parallel threephase boost converters, an averaged model based on a phase-leg averaging technique was used in [6] and [13] .
In order to predict the system dynamics and design controller, three models (averaged model in stationary coordinates, average model in rotating coordinates, and small-signal model) for parallel three-phase boost converters including the three-phase coupled inductor will be described in this section. As shown in Fig. 3 , the three stages are needed in order to obtain linear time invariant (LTI) model: phase-leg averaging technique, abc/dqz transformation, and perturbation and linearization.
Averaged model in stationary coordinates
In order to accurately reflect a three-phase coupled inductor to parallel three-phase boost converters model, modified voltage Eqs. (14-16) are added to conventional averaged model in stationary coordinate. As a result, the averaged model of parallel three-phase boost converters including three-phase coupled inductor in stationary coordinate is proposed, as shown in Fig. 4 . This model can simultaneously reduce the low and high frequency circulating currents. Using the Fig. 4 , the statespace equations in stationary coordinates can be easily obtained:
(1 ) 
Averaged model in rotating coordinates
In order to reduce steady-state error, the model in the stationary coordinates is usually transformed into rotating coordinates. The transformation matrix T is defined as follows:
where ω is angular frequency. The variables in the stationary coordinates Y abc can be transformed into the rotating coordinates Y dqz by using transformation matrix (20).
Applying Eqs. (21) to (17-19), the state-space equations in rotating coordinates can be defined as
where d z1 and d z2 are
Using the Eq. (13), the state-space Eqs. (22-24) can be rewritten as 1 1
Unlike the single three-phase converter system, the parallel three-phase converters system has zero-sequence component as (27) and (28). Using the state-space Eqs. (25-28), the averaged model of parallel three-phase boost converters including the three-phase coupled inductor in rotating coordinates can be developed, as shown in Fig. 5. 
Small-signal model
The averaged Eqs. (25-28) in rotating coordinate are nonlinear functions of the signals in the system. In order to design controller, nonlinear averaged equations must be linearized. Using the averaged small-signal model at a quiescent operating point, the linear model can be easily obtained. In perturbation and linearization step, it is assumed that an averaged values are perturbed by adding the small-signal ac variation (* ) at a quiescent operating point.
The perturbed value is represented as:
Assuming that the input voltage sources are ideal, then
The linearization step can be completed by neglecting the nonlinear second-order ac terms because each of the second-order terms is much smaller than the first-order ac terms in magnitude. After the linearization step, the averaged small-signal equation of parallel three-phase boost converters including three-phase coupled inductor can be derived as follows: 
where α , β , and γ are shown as follows :
From the Eq. (31), the averaged small-signal model of parallel three-phase boost converters including three-phase coupled inductor can be developed, as shown in Fig. 6 . Since the system model is linearized at a quiescent operating point, the controller for parallel three-phase boost converters including three-phase coupled inductor can be designed. 
Design of the Circulating Current Controller
where d ppp is duty cycle for zero vector ( ppp ). Since this system consists of two parallel converters, the d z1 (converter 1) and d z2 (converter 2) are 
As a result, one loop equation for zero-sequence dynamic in Fig. 6 can be rewritten as
where eq L and eq R are
and R L1 R L2 Equivalent series resistors of the inductors R C R C2 Equivalent series resistors of the three-phase coupled inductors
From the Eq. (39), the zero-sequence dynamic of smallsignal model is simplified, and is depicted in Fig. 8 .
The ac circulating current variation i z * can be expressed as the superposition of terms arising from two inputs 
A single circulating current controller is sufficient for controlling the low frequency circulating current since there is only one circulating current. Therefore, the block diagram of the circulating current controller can be developed, as shown in Fig. 9 . The transfer function G 1 and
The PI compensator of (43) is used for the circulating current compensator G C . Using the circuit parameter: 
Simulation and Experimental Results
In order to verify the effectiveness of the analysis and modeling, the prototype specifications in Table 1 
TMS320VC33
low frequency circulating current and a 180-degree interleaved PWM is applied to generate a high frequency circulating current. Figs. 11 (a) and (b) show the test setup of the parallel three-phase boost converters and three-phase coupled inductor, respectively. The power stage consisted of two parallel three-phase boost converters using Infineon IGBT modules, current sensors (ES100C), and isolation amplifiers (AD-202JN), which were used to generate the input line currents and the output DC-link voltage. The control algorithms were programmed and translated into the TMS320VC33 DSP platform. Fig. 12 shows the simulated waveforms of the line currents and the circulating current in the parallel threephase boost converters. There is no high frequency circulating current in Fig. 12(a) and (b) since interleaving PWM is not applied for the simulations. Therefore, Fig.   12(b) shows that the low frequency circulating current is effectively reduced by the circulating current controller.
On the other hand, Figs. 12(c) to (f) illustrates simultaneous high frequency and low frequency circulating currents since interleaving PWM is applied in the simulations. As a result, a certain amount of line current (i a1 +i a2 ) ripple is cancelled due to the interleaving PWM, as can be seen by comparing Figs. 12(a) to (b) with Figs. 12(c) to (f). As shown in Fig. 12(d) , the circulating current controller only reduces the low frequency circulating current. Both Figs. 12(e) and (f) show that the low frequency and the high frequency circulating currents are reduced by the three-phase coupled inductor. However, the low frequency circulating current shown in Fig. 12(f) is further reduced by applying the circulating current controller. currents and the circulating current in the parallel threephase boost converters. Due to identical conditions and control algorithms, the experimental results were almost similar to the simulated results. Fig. 14 shows the grid current THDs of two different systems. The THD of proposed system is less than the THD of conventional system. Therefore, proposed system can be a good solution to reduce the current harmonic distortion in parallel threephase boost converters.
Conclusion
In this paper, the analysis and modeling of the parallel three-phase boost converters including three-phase coupled inductor was presented to predict system dynamics. To examine the characteristic of three-phase coupled inductor, the structure and voltage equations were mathematically derived. It was shown that the averaged model, which can simultaneously reduce low-and high frequency, was developed in stationary coordinates and rotating coordinates. Based on the averaged modeling approach, the design of the circulating current controller was presented.
Simulation and experimental results demonstrated the effectiveness of three-phase coupled inductor and circulating current controller in parallel three-phase boost converters. 
